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ABSTRACT

This report describes a series of computes

programs developed for the mixing and combustion

of hydrogen in air streams. These programs were

developed under the sponsorship of the National

Aeronautics and Space Administration.



TR 618

Page iii

Table of Contents

Section

i:I.

II.

A)

B)

c)

D)

E)

III.

Description

Abstract

Introduction

Presentation of Programs

Finite Difference Solution for Jets

Multicomponent-Multiphase Viscous

Flow with Chemical Reactions

Finite Rate Evaporation of Cryogenic

Hydrogen in Two-Phase Air

Compressible Turbulent Boundary

Layer Program

Flame Sheet Mixing Program

Summary

Page No.

ii

1

3

3

40

59

67

76

86



TR 618

Page 1

TECHNICAL REPORT NO. 618

COMPUTER PROGRAMS FOR THE MIXING

AND COMBUSTION OF HYDROGEN IN AIR STREAMS

by D. Siegelman

O. Fortune

INTRODUCTION

The advent of hydrogen fueled vehicles has necessitated

a thorough investigation of the mixing and combustion of

hydrogen in air streams. Quantitative understanding of the

hydrogen-air mixing and combustion processes is essential in

the following areas of practical interest:

a. Combustion chamber desig_ which is closely related

to the jet mixing problem.

b. The venting of cryogenic hydrogen, which involves

the problems of two-phase flow and boundary layer flow.

c. The plume problem involving the afterburning of a

jet of hot exhaust gases in an air stream.

The numerous analytical studies of the hydrogen-air mixing

problem which have been completed are summarized in GASL TR-529
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(Ref. 9 of Section A). In general, these studies were based

upon progressively more sophisticated mixing and chemical

reaction models. Many laminar and turbulent mixing models

have been considered. Chemical models considered range from

the simple frozen and complete combustion models to the more

sophisticated equilibrium and finite-rate chemistry models.

The special problem of multiphase flow has also been treated.

The purpose of this report is to describe the various

computer programs that have been developed from the previously

mentioned analytical studies. Each such program will now be

fully discussed as a separate entity.
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Ao A FINITE DIFFERENCE SOLUTION

FOR JETS
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List of Symbols

a Defined by Eq. 15

C Specific heat
P

Le Lewis number

m _ index in grid network

n x index in grid network

P Pressure

R Universal gas constant
o

T Temperature

u x component of velocity

v y component of velocity

W. Net rate of generation of Specie i
l

X Stream-wise coordinate

y Radial Coordinate

Mass fraction

Prandtl number

Viscosity

p Density

Stream function

Subscripts

o Evaluated at stagnation point

e Evaluated at upper edge of jet

i Evaluated at lower edge of jet

Superscripts

i Refers to specie i

Refers to element, not specie
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INTRODUCTION

The purpose of this section is to describe a finite differ-

ence method of solution of the free jet problem for plane two-

dimensional and axisymmetric configurations (cf Fig. i). A

specified variation of pressure with axial distance may be

prescribed. The presence of shock waves are not considered in

the mixing region. Options are available for frozen, equilibrium,

or finite-rate chemistry, and a variety of turbulent viscosity

models are also available. Lewis and Prandtl numbers, while

restricted to constant values, may be non-unity. This large

number of options gives the current program considerable versa-

tility. With relatively small additional programming time, any

desired set of species can be considered, providing that the

necessary chemical and thermodynamic properties are obtainable,

and also provided that the increased running time associated with

a large number of species is not excessively expensive. To date,

the hydrogen-air, methane-air and overall hydrocarbon-air reac-

tion systems have been programmed, and work is in progress with

_ome higher hydrocarbon-air systems, such as kerosene, and with

the hydrogen-fluorine system. However, the present discussion

deals specifically with the hydrogen-air system, comprised of the

seven species: H 2, 02 , H20, O, H, OH, and N 2 (inert dilutent).

The solution of the fluid dynamic and chemical kinetic system

is obtained by the application of the numerical analysis of Refs.

2 and 3.
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II. DISCUSSION OF SPECIFIC FEATURES

a. Input Data Requirements

1.) Initialization - The initial station location and

initial profiles of velocity, static temperature, and species mass

fractions (also element mass fractions for the case of equilibrium

chemistry) are required. Input profiles may be given in either

physical or streamfunction coordinates. In addition, the problem

must be classified as either two-dimensional or axisymmetric.

Simple initial step function profiles are found to be adequate in

most cases. The prescribed pressure variation must be given as a

polynomial of the form:

6

P(x) = P0 + P1 x + "'" + P6 x

The initial number of grid points desired must be

specified, as well as the total axial running distance required

(Xmax). Also, the desired constant values of the Lewis and Prandtl

numbers must be input. These numbers are not required to be unity.

2.) Specification of Options - At this point, the selec-

tion of the required chemistry and viscosity models is necessary.

The chemistry options available are:

a. Frozen Chemistry

b. Equilibrium Chemistry

c. Finite-Rate Chemistry

The selection of a viscosity model is not re-

stricted to the choices given below - any desired model may be

programmed. At present, there is no completely satisfactory

theory of turbulent flow available; thus the models available

are semi-empirical in origin. The turbulent viscosity models

presented below will each be discussed briefly since they are
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of current interest. Unless it is otherwise stated, the models

apply to fully developed turbulent flows, or to flows where the

potential core distance is small compared to the distance to any

axial station of interest. It should be noted that not every

model is presently available in each program version.

i. _t_ = 10-s at x = 0, then _tl = 10-3 x, until _tl = 6"211xi0-4

slugs ,has been suggested to account for the transitional
ft-sec

effects which occur in the initial mixing region of hydro-

gen jets diffusing into air.

2. U = 6.211 x 10 -4 slugs has been experimentally determined
ts ft-sec

by V. Zakkay for fully turbulent hydrogen jets diffusing into

air.

3. _ts = kz I (PU)max- (PU)min I is based upon Prandtl theory.

This form was suggested by A. Ferry to account for the effects

of compressibility. The non-dimensional constant, k, must be

experimentally determined for the flow configurations and

gases being studied. The half-radius, z, is defined in the

following figure :

_e

u
e

u
o

F--

(X)=½ [Ou(X,_e)+Du(x,@ I )_

_ x



.

•
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_t = kz(pu)_ has been suggested by Zakkay as an alternate

to4model number three above. The value of the constant, k,

is in the range 0.025 _ k _ 0.04 for hydrogen-air systems.

_ts = kXPe I Ue - ul I + 10-4 is the "potential core" model.

! m

For hydrogen jets diffusing into air, k = 0.50 x i0 -s.

Mixing is assumed to have reached the axis when a certain

stipulated percentage change in either H(x,o) or P (x,o) is
o

attained. Then, the program automatically switches to a

pre-selected fully developed turbulent model.

_ts= Constant, where the appropriate constant must be

obtained experimentally for the flow configuration and gases

being studied.

= x+6*initial [ ]_t7 _ (Pu)_ + (Pu)_1 + 10 -4 was applied to

plumes, and takes into eccount the existence of an initial

turbulent boundary layer. The various terms are described

6*
in the previous figure, except for initial' which is the

initial boundary layer displacement thickness.

"ta k (z+6* I I- initial ) (Pu)_- (Pu)¢_ + 10 -4 has been
e

proposed as an alternate to model humber seven. It is appli-

cable to cases where the mass flux varies significantly

across the plume.

_(x,¢ r )

_tgi D(x,_ ) (_t7) was devised to account for local density

mhvariation. T e subscript r denotes a reference grid point,

and the running subscript i denotes any grid point of interest.

This model, therefore, supplies a viscosity which varies in

the radial direction with the density ratio•

_(x,@ r )

_tlo = _(x,@ i) (_ta) is similar to model number nine. It is

used in cases where model number eight rather than model

number seven applies.
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Another very useful option is available for the fine resolution

of the flow field downstream of the flow interface. To use this

option, the physical axis is replaced by a boundary near the

interface. The region between the boundary and the interface can

now be divided into a reasonably large number of grid points for

fine resolution of the local flow field, as shown below:

Surroundings _ _ Mixing
Region

Jet _

x = Xinitia 1

No loss of accuracy occurs provided that the lower edge of the

mixing region does not intersect the shifted boundary. When

intersections occur, the boundary is successively lowered

until it finally coincides with the physical axis. From this

point on the calculation proceeds in the usual manner.

3.) Preliminary Calculations - Before attempting to march down-

stream, the input data is tested for negative temperature,

pressure, velocity, or species mass fraction. If an error of

this type is found, the program is halted.
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b. Calculations Performed at "Known" Stations

A "Known" station is a station at which the profiles

of static temperature, velocity, and species mass fraction

have already been determined. With these properties known,

all other flow variables of interest are computed. The

pressure and pressure gradient are determined by evaluation of

the given polynominal.

The mass fraction profiles are used to calculate the

density and mixture molecular weight profiles. The following

equations apply:

(Eq. i)
1

w (x,_)

n _J (x, $)

wjj=l

(Eq. 2) _(x,_) = P(x) w(x,_)
Ro T(x,_)

The species specific heat, mixture specific heat,

and static enthalpy profiles are then determined by use of the

following relations:

(Eq. 3) C j

P

(Eq. 4)

(x,_) = f IT (x,_)]
3

n

C (x,_) = _ _J(x,_) C j (x,_)
P P

j=l

n t(Eq. 5) h(x,_) = _ _J(x;_) hJ(x,_) = _J(x,_) gj [T(x,_)]

j=l j=l

Where the functions f. (T) and g_ (T) which describe the physical
3 3

properties of the species are curvefits of thermodynamic data

obtained from the current literature (Ref. 6,7).

I ,, ,
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The viscosity profile is also calculated for the model

selected by the appropriate methods.

c. Calculations Performed to Determine Flow

Properties at Subsequent Stations

i) Chemistry - Since the finite difference formulation

uncouples the chemistry and diffusion processes over each axial

step, the chemistry model selected is used to up-date the tempera-

ture and the species production term at the (n,m) grid point. For

frozen chemistry this term is zero. For equilibrium chemistry the

production term is indeterminate, forcing one to work with element

mass fractions and total enthalpy rather than static temperature.

For the case of finite-rate chemistry the species generation is

obtained from the equation which results when the linearization

technique (Ref. 2) is applied. The species generation, so deter-

mined, is used in the difference equations to be discussed below.

2) Finite Difference Formulation - Assuming that
I %

boundary layer technique ( 5p = Of is applicable to the chemically
By

% I

reacting jet problem under consideration, one obtains the follow-

ing set of governing equations (Ref. i):

Continuity

(mq. 6)

Momentum

(Eq. 7)

*Energy

5x (PuyN) + By (pvyN) = 0

1 5 5u)5__uu 5u dp + (_yN
Pu _x + pv _y =- dx N 3y _y

Y

5T 3T

Cp Du _x + Cp pv By

_U.2 _

N

hi_ i

i=l



TR 618
Page 13

(Eq. 8)

N

FCD _ Y 5T "_b

.*Diffusion

N

Le _T I i ____l+ _ by C ByP

i=l

• N" '

TLe L_ 5i _ - i

_ • _ i= 1 _ L_- _y j+ o w

Y

Where N=O, 1 for two dimensional or axisymmetric flows

respectively.

The boundary and initial conditions are:

x=Xinitia I . u=u (y) , i
i

• =_ (y), T=-T(y)

y=0 : 5_--_u(x) =_i (x) = 5T (x) =0
Y 5Y

i i

Y=Ye : u=u (X), _ =_e (X) T=T (X)e ' e

Since it is convenient to use the stream function as

the radial coordinate, we apply the von-Mises transformation

defined by:

(E_. io) _N _ = _uy_
_y

N ___= _vyN
_x

N

Then ____) __ _X)_ - _ _)
_x y x

(Eq. ii)

N

_)x = _uve

* For the case of equilibrium chemistry, the energy and

diffusion equations should be reformulated in terms of total

enthalpy and element mass fractions respectively. Note that

_i will then be zero.



TR 618

Page 14

The streamfunction identically satisfies the con-

tinuity equation. The other equations become:

Momentum

_u 1 dp 1 _ 5u
(Eq. 12a) _x - -pu dx +_(a 5-_)

Enerqv

(Eq. 13a)

= _ d_ _ a _ u _:_

_[ _u 2 Le+ (_) +

Diffusion

(Eq. 14a)

Where:

(Eq. 15)

On the symmetry axis the above equations reduce to:

(Eq. 12b) u 2N I-N_x - (pu)

_2
o u 1

_ pu
dp
d×

(Eq. 13b)
_T

Cp .---ox = I _+ 2N

N
1 --

- _ _hi W

i=-i

42

(pu)l-N Cp _ o T

i
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(Eq. 14b) 5_I - 2N (pu)
5x

I-N
L__e_ _

52_i +l i
5_ 2 u

We now introduce the following finite difference

grid and formulation.

d

n -i n n+l

q- . •

m+l

m

m-i

---X"

Using backward differences for axial derivatives and

central differences for radial derivatives one obtains the

difference expressions:

(Eq. 16)

5F Fn+llm- Fn_m
(_-x) n+l,m = _x

(_F) Fn,m+l - Fn,m-i

_-_ n,m = 2_

8F

_5--_ ( a _--_ )_ n,m =

an,m+h (Fn,m+!,Fn ,m)-an,m-½(Fn,m-Fn,m-l)

(_) 2

in which

an, m+½ = _n, m+an, m+l

2

By using the representations given above, the governlng
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equations are now obtained in difference form as the linear, uncoupled,

algebraic equations listed below:

(Eq. 18a)

0x
Un+l,m = -(_U) n,m dx n+l

+ - a X - an, m+½ an, m-½

(_)2 a ,n m+½ Un, m+l
+

iu + a u n' ,i n,m n,m-½ m-1
J

(Eq. 18b)

_x id__l
Un+l,O : _pu) Idx

n, 0 n+l

Un, 1 (Ou) I-N
n,O

+

2N+ 1 I-N
(PU) n 0 _n,O

(_)_

x

(Eq. 19a)

x

Tn+l, m - (pCp)
n,m

+i (UCp)
n,m

n

n,f8 n,m

i=l

n,m

,m+_ 4

(Un, m+l u.. n,m_l )

2 _x 1
+ c _(_)2

Pn, m

n,m
n ci (_n, m+l _ ip - n,m_l )

i=l n, m

T
n, m+l



CPn.m
+

2

n.m + ½
n,m
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T_ ½ n,m

+

n., m

n

E ii(_e___¸ Cpn'- ½ -4 \ _/n,m m
i=l

( i
n m+l-

i

n, m-I
T
n. m-L

(Eq. 19b)

T
n+l, 0 -

(pc)
p n,o

2N+I (pu) I-N
+ n,o

2
(_)

n

+i n, o -=4±•

h i
n,o

Tn, I +I (b_) 2
2N+I (pu_ I-N_K

n,o

T
n,o

(Eq. 20a)

• 1 " i

i . = _ (U W )n,n+l, m m

Lea

@N(_ n,m-_2

-I eal
0" |n, m+½

m

i

n, m+l



(Eq. 20b)

n+l,0

+
(Le_____a)n,m-½_i _

n,m-iJ

 (l i)u+
n,o

N+I . I-N
2 (@ul n, o Lx (Le_) {_i

n,o

-- J

+ 2N+l(pu) I-N _x (_-- n,o n,o

n,o
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n,l

3) Grid Size Controls - As the mixing progresses, the jet

dimensions change, and consequently the grid must be

adjusted. The procedure for the addition of grid points

is to test the values of velocity, temperature and

species at the grid points which are adjacent to the

upper and lower jet boundaries (for _I_ 0 cases)

respectively. If the values differ by 0.1%, or more, a

grid point is added. The new grid point has the appro-

priate edge values of the flow variables at that axial

station. If we denote by j the initial number of grid

points, then _ is doubled (by discarding even numbered

grid points) when the number of grid points reaches 2j-l.

The axial step size at any station must be carefully

monitored to insure stable results. Stability analysis

(Ref. 1,8) leads to the conclusion that the axial step

size must be less than or equal to the smallest of the

following:
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I.

;LeaI (Lea

,

,

2

3 i 2N+I I-N]

.L " (pu)n.o]

Le_ n, 0

The minimum physical radial separation between any

two grid points at the station of interest.

Having completed the calculations described in the pre-

ceeding section (c) we return to section (b) anti recycle to

continue downstream.

III. Input - Output Information

It has been previously mentioned that there are a wide

variety of options available for this program. These options

were added at different stages of development. Therefore, a

variety of binary decks exists. Some decks are in Fortran II

language, while others are in Fortran IV. Since there are

slight differences in the input formats of these various

decks, several formats are necessary. It is helpful, •therefore,

to first list the general type of data required, and also to

provide a chart showing the current status of each program

version.



i.

2.

•

4.

5.

6.

7.

8.

.

i0.

ii.

12.

13.

14.
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General Type of Input Data Required

Identification.

Number of _ grid points input initially, or

Number of y grid points input initially.

Chemistry option desired•

Print out step increment desired (_x) p.o. - ft.

Maximum running distance X - ft.
max

Initial station location X. - ft.
z

Viscosity option desired.

Constant values of Lewis and Prandtl numbers desired.

( J slugs" for axisymI- sec for 2-DStream function step size _ slugs i

ft.-sec. J

Value of constant in viscosity model.

Location of lower jet boundary _.

Coefficients of pressure polynomial.

Temperature (OK), velocity ( ft.), and species mass
sec.

fraction (as well as element mass fraction for equilibrium

chemistry) profiles at initial station.

Various other tolerances for the numerical procedure.
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Card

1

2

Co lumn

1-72

1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

46-50

51-60

61-65

66-72

1-10

i1-20

21-30

Description Format

Title Information 12 A6

Number of _ grid points input (N) I5

Number of y grid points input (it is

recommended that _ input be used) "

0 for finite-rate chemistry or 1 for "

frozen chemistry

Control number of viscosity option -

1 to i0 (see Pg. 8 for models and their

corresponding control numbers) "

Blank "

20 "

i0 "

i0 "

Blank "

Control number of viscosity model to be

switched to after mixing has reached the

potential core "

Blank "

Control number of the streamline to be

traced. For example: "ii" would mean

that the streamline starting at the

eleventh _ grid point is to be traced.

In other words, the value of the eleventh

grid point is to be preserved at all

axial stations. "

Blank "

Print out step size, dx (ft.) El0.8
p.o.

Maximum axial distance, x (ft.) "
max.

Initial station location, Xinitia I (ft.) "



_ard Column

31-40

41-50

51-60

61-70

i-i0

11-20

21-30

31-40

41-50

51-60

1-20

21-30

31-40

41-50

51-60

61-70

i-I0

11-20

21-30

31-40

41-50

51-60

61-70

Description

1.0-6 _[l.0xl0 -6)

1.0

B 1 ank

Applies to fine resolution option

(_initial >0) Blank- when ^_>_!-freeze _

1.0 - when _>_I, use curvefitting

routine to restart with Ibm=0.

Lewis number

Prandtl number

s te_ size at input station,

(slugs)
sec

(AS) initial

Factor by which to reduce the axial

step size determined from stability

criteria (I.0 is suggested)

Value of constapt in viscosity model

(/sluqs)
sec

(_) initial

B 1ank '

1.0

B 1 ank

Xmin(ft.)in potential core model "

(for X<Xmi n, _=i0 -4)

Initial value of the displacement thickness "

(ft.) to be used in viscosity models

7 and 8.

Xma x in potential Core model (for "

X>Xmax, switch to the model specified
in columns 46-50 of Card 2)

I!

Po

Pl coefficients in prescribed pressure "

po lynomi al

lhf
P2 P ft; =Po + p_ x + ... p_x 6 "

p,_ "

P4 "

11

P5

TR 618
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Format

El0.8

I!

tl

II

II

El0.8

I!



Card

8a

8b, c

9a

9b, c

10a

10b, c

lla

llb, c

TR 618
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Co lumn

i-i0

i1-72

1-10

ll-20

21-30

Description

10 +61.0 + 6 (i.0 x )

61-70

1-10

B lank

T (_)

T(_ )

T(_s )

1-10

11-20

61-70

i-i0

i-i0

ll-20

21-30

31-40

41-50

51-60

61-70

N

1-10

ll-20

61-70

i-i0

II

II

TC_ N)

u ($I)'

u(_ )

u(_)

u (_

u($N)

_H(_Z )

_o(_ )

(_)
H_O

(_)
H_

(_)
02

(_OH ($I)

(_),
N2

Static temperature (OK)

at each input grid point

continuation of temperature

profile

Velocity (EPS) at each input

grid point

continuation of velocity profile

values of the species mass

fractions input at _i

Same as 10a, but for grid points

Values of y (ft) needed

only if y input is given

y values continues

_s " " "CN

yl}Y_

y7

yl

F orma t

El0.8

I!

I!

II

II

I!

te

!1

El0.8

ii

l!

I!

II

II

!!

I!

i!

!!

il

1!

ElO.8

El0.8

!l

il

ElO.8

I!

1!
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INPUT FORMAT FOR AXISYMMETRIC

EQUILIBRIUM CHEMISTRY VERSION

Card

1

2

Column

1-72

1-5

Description

title information

Number at _ grid points input (N)

Format

12 A 6

I5

4

6-10

11-15

16-20

21-72

I-I0

11-20

21-30

31-40

41-50

51-60

I-i0

11-20

21-30

31-40

41-50

Number of y grid point s input "

(it is recommended that _ input

be used)

B Iank

Control number of viscosity option "

(models 1-4 are available)

B 1 ank "

Print-out step size, _p.o. (ft). El0.8

Maximum axial distance, Xma x (ft.). "

Initial station location, Xinitia I (ft.). "

1.0 + 6 (i.0 x i0 +_) "

B iank "

Applies to fine resolutior_, option

(_initial>0) "

Blank-when _>_i, freeze @I

1.0 - when _>$_, use curvefitting

routine to restart with _i=0.

Lewis number El0.8

Prandtl number "

step size at input station, (_)initial

sec

Factor by which to reduce the axial step "

size determined from stability criteria

(i.0 is suggested)

Value of constant in viscosity model "



Card

6b, c

7b, c

8b, c,

Column

51-60

i-i0

11-20

21-30

31-72

i-i0

11-20

11

61-70

i-i0

I-i0

11-20

I!

61-70

i-I0

1-30

31-40

41-50

51-60

61-70

N
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DescriPtion Format

Base value of _ at input station, _1)initial

(4s_s (for fine resolution option use El0.8
sec

_)initial >0)

Po ] coefficients in prescribed "
t

Pl _ pressure polynomial:
LB "

p2 p(_2) = PO + Pi x + p_x _

Blank

T(01 )

T(02)

T (_N)

u( 1)

#!

u( 7)

u( 8 )

!I

B 1 ank

Blank

static temperature (Ok)

at each input grid

point

continuation of

temperature profile

velocity (fps)at

each input grid

point

continuation of

velocity profile

values of the

ELEMENT mass fractions

input at @_

Same as 8a, but for grid points

_t

El0.8

i!

I!

i!

ElO.8

i!

ElO.8

t!

1!

l!

ElO.8

l!

!!

EIO.8

!!

II

!l

l!

El0.8
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Card Column Description Format

9a.

9b, c

i-i0

11-20

II

61-70

i-I0

Yl

y2

I!

y',

Ys

II

YN

V_lues of y (ft), needed

only if y input is given

y values continued

El0.8

II

I!

l!

El0.8

I!

II
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INPUT FORMAT FORTWO-DIMENSIONAL FINITE-RATE

OR FROZEN CHEMISTRY VERSION

Card

3

4

5

Column

1-72

1-5

6-10

11-15

16-20

21-72

i-i0

11-20

21-30

31-72

i-i0

11-20

21-30

31-40

41-50

51-72

i-i0

11-20

21-30

31-72

Description Format

Title information IIollerith

Number of _ grid points input (N) I 5

Blank "

0 for finite-rate chemistr_ or "

1 for frozen chemistry "

Control number for viscosity option "

0 - for _t = 6"211xi0-4 ft-secSlUgS
I

i

1 - for _t = kz i(PU)max - (PU)min

2 - for _t = kz (Du)_

B 1 ank

Print-out step size, _p.o. (ft.) El0.8

Maximum 'axial distance, Xma x (ft.) "

Initial station location, Xinitia I (ft.) "

B 1 a nk

Lewis number El0.8

Prandtl number "

step size at input station, (_)initial ,,

slugs .
( ft_sec )

II

Factor by which to reduce the axial step

size determined from stability criteria

(I.0 is suggested)

Value of constant in viscosity model "

B 1 ank

Po

Pl

pe

Blank

coefficients in prescribed

pressure polynomial:

LB _j

P(Ti_)tn = Po + p:x + p2 x

EIO.8

;I
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Card Column Description Format

6a 1-10

i1-20

II

61-70

6b, c i-i0

7a 1-10

11-20

II

61-70

7b, c i-i0

8a

8b,c

1-10

ll-20

21-30

31-40

41-50

51-60

61-70

N

T (¢_)

T(¢_ )

I!

T(¢_)

static temperature (OK)

at each input grid point

T($s )

I!

T($ N)

u(¢i )

u(¢_ )

11

u (¢_)

}
continuation of

temperature profile

velocity (fps) at each

input grid point

u(¢, )

II

u(¢ N)

continuation

profile

of velocity

(¢i)
H

(¢_)
0

_H_ o (¢_

(¢_)
H_

(_i)

(_OH ($i)

(¢_)
N_

values of the species

mass fractions input

at $_

Same as 8a but for grid points

¢_ "" "¢N

El0.8

1!

El0.8

1!

El0.8

I!

El0.8

II

El0.8

II

Ii

II

II

II

el

ElO.8
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Card Column Description Format

1

2

4

5

1-72

1-5

6-15

16-20

21-72

i-i0

11-20

21-30

31-72

i-i0

11-20

21-30

31-40

41-50

51-72

i-I0

11-20

21-30

31-72

Title information

Number of _ grid points input (N)

Blank

Control number for viscosity option

0- for _t = 6.211 x 10 -4 slugs
ft-sec

i-for _t = kz l(PU)ma x - (PU)max I

2- for = kz (pu) 

Blank

Print-out step size, _p.o. (ft.) El0.8

Maximum axial distance, Xma x (ft.) "

Initial station location, Xinitia I (ft.) "

Blank

Lewis number

Prandtl number

step size at input station (_)initial

(slugs)
ft-sec

Factor by which to reduce the axial step "

size determined from stability criteria

(i.0 is suggested)

Value of constant in viscosity model "

Blank

Po

Pl

P2

Blank

coefficients in prescribed

pressure polynomial

LB
P(_2) = Po + p_ x + pX 2

Hollerith

I5

I!

El0.8

i!

l!

EIO.8

i!

I!

II
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:ard Column Description Format

6b, c,

7b, c,

8b, c,

I-i0

11-20

II

61-70

i-i0

tl

i-I0

11-20

II

61-70

i-i0

1-30

31-40

41-50

51-60

61-70

N

i-i0

11-20

21-30

31-40

41-50

T(01 )

T(_)

T(07)

T(_)

T (@n)

u(_ )

u(_)

II

u(_)

u(_)

II

u (_n)

B 1 ank

_ (_)

%_ (_)
Blank

static temperature (Ok)

at each input grid

point

]

J

continuation of temperature

profile

velocity (fps) at each

input grid point

continuation of velocity

profile

values of the

ELEMENT mass

fractions input

at @_

Same as 8a, but for grid points

¢_ ..... _n

aH(_1)

ff (_) ? values of the
O

_H_O(_I) species mass frac_ons

_H (_i) " input at
2 \

0
2

El0.8

II

tl

II

El0.8

II

II

El0.8

It

II

I!

El0.8

II

II

El0.8

I!

II

II

II

El0.8
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Car_____d Column Description Format

9b, c,

51-60

61-70

N

_OH (_)

Same as 9a, but for grid points

_8 .-"_N

El0.8

I!

El0.8
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Program Version Status Chart:

" Axi symmetric Two-Dimensiona i_

Program

Version

Viscosity

Models

Available

Fortran

Language

Stability

Criteria

Le,P r

dx

Provision

for input

in y coord-

inates

Fine Resol-

ution option

finite-rate

or frozen

chemistry

All Models

F IV

1-3

Cons tant,

though may

be non-unity

May be non-

zero

(Prescribed)

Yes - but

direct @ in-

put is re-

commended

finite-rate or

frozen chem-

istry

2,3,4

F II

1,2

No

No

Axisymmetric

Equilibium

chemistry

1-4

F II

1,2 ¸

Yes

Yes

Two-Dimension-

al Equilibriu_

Chemistry

2,3,4

F II

1,2

P

No

No

It can be seen from the above chart that the axisymmetric finite-rate

or _ozen chemistry version is in the most advanced stage of develop-

ment. However, the other versions can be modernized without great

difficulty.
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Sample input and output may be found at the rear of this section.

IV. Summary:

A finite difference method solution for jet problems has

been presented. Finite-rate chemistry calculations have been

linearized, and no longer restrict the numerical technique to

impractical step sizes. Viscosity models which cover a wide range

of application have been made available to inhance the program's

versitility.
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MULTICOMPONENT - MULTIPHASE VISCOUS

FLOW WITH cHEMICAL REACTIONS

I. Introduction:

This section describes a finite difference method

of solution for laminar axisymmetric two phase free mixing.

with hydrogen-air chemistry. The analysis (ref. i-3) assumes

that the liquid, which is composed of condensed Os,Ha,Ns,

and HsO, forms a dilute suspension of minute spherical droplets

which diffuse with the gas. It is further assumed that

molecular transport and chemical reactions occur in the

gas phase only. This assumption is applicable since the

temperatures at which chemical reactions occur are very high in

comparison with those at which the condensed phase may exist.

The phases are assumed to be in dynamic and thermodynamic

equilibrium. , '

Options are available for either frozen or finite

rate chemistry. Lewis and Prandtl numbers, while restricted

to constant values, may be non-unity. Axial pressure vari-

ation must be specified. The mixture laminar viscosity is

determined by the usual method of mass averaging the individu-

al species viscosities (ref.7). Local humidity conditions

have been simulated bY the inclusion of water vapor in the

free-stream air.



TR 618

Page 43

II. Discussion of Specific Features:

a) Method of Analysis:

Details of theanalysis and finite difference

formulation are given in references 1-3. The analysis

follows the procedures used in the single phase jet

considerations. Specifically, this means that the

governing equations are transformed into the Von-Mises

plane and then put into difference form. Additional

equations are obtained by imposing the condition of

thermodynamic equilibrium between the phases, and from

various constitutive relationships. Use is made of the

vapor pressure curve in determining whether a grid point

lies within the two phase region or not. If the grid

point is within the two phase region, the chemistry is

frozen 7 if it is in the gas phase, one dimensional

chemistry calculations are coupled to the diffusion

equations (ref.4-5). Finite-rate chemistry calculations

are performed by the linear technique (ref.6).

b) Phase Separation:

The assumption that viscous transport is strictly

a gas phase process leads to the phenomenon of phase separa-

tion. To understand this, consider a grid point in the two

phase region. For laminar flows, or flows where the drop-

let size is larger than the microscale of the gas phase tur-

bulence, the condensed species move along streamlines since

no diffusion will occur in the condensed phase. The species

in the gaseous state, however, may diffuse normal to the

streamline, and so "separate" from the species in the con-

densed phase.
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The assumption of phase equilibrium means that gaseous

species condense instantaneously. Therefore, for extremely

adverse conditions of low temperature and high pressure, severe

condensation of Os and Ns may be encountered. The rate of

change of gas phase concentrations becomes exceedingly large,

giving rise to a sheet of condensed air. This sheet has a

shock-like behavior which halts further calculation. To

resolve this problem, special analytical treatment in the form

of "jump" conditions would be required to cross this sheet of

condensed air. At present, no such effort has been initiated

since, for most cases of interest this problem will not arise.



CARD

III.

COLUMN

1 1-72

2 1-10

11-20

21-30

3 i-i0

11-20

21-30

31-40

41-50

51-60

61-70

4 1-10

11-20

21-30

31-40

41-50

51-60

61-70

INPUT-OUTPUT FORMATS

DESCRIPTION

Title information

Input control number

= 0 Input supplied on cards

> 0 Input supplied on tape

Control number for tape

0 No binary restart tape record

> 0 Write record on restart tape

Total number of initial grid points (_ 50)

Tolerance for negative
H_

TR 618

Page 45

FORMAT

12A6

Ii0

Ii0

mass fraction in Chemistry

II II II t3 II II

O_

II II II 13 II II

N_

,, ,, ,, /3H,_O " ,,

|1 II II _ II II

O

II II II _ II II

H
II

" " " _OH "

X

Tolerance for Sum of Species

Factor by which to multiply the Lkx

given by stability criterion

Tolerance for addition of a grid point

at outer edge

Tolerance for conservation of mass flow

Tolerance for conservation of enthalpy

in temperature convergence

% of T for LiT in temperature iteration.

If zero is used, the program sets this

number.

Tolerance below which _B is considered

zero and no diffusion ta_es place in two

phase ragion.

El0.5

II

II

II

II

II

II

El0.5

II

II

II



CARD COLUMN

5 i-i0

11-20

21-30

31-40

41-50

6 i-I0

11-20

21-30

32-40

41-50

51-60

61-70

7 i-I0

11-20

21-30

31-40

41-50

51-60

61-70

8 i-i0

11-20

21-30

31-40

41"50

51"60

61"70

9 i-i0

DE SCRI PT ION

Value of temperature (Ok) below which

two phase calculation is entered and

above which chemistry calculation is

entered.

_x (ft)

(ft)

for print out of results

for writing binary record on tape

(ft) to continue calculation after

flow field has become completely gaseous

Limiting value of x (ft)

Lewis number

Prandtl number

P! _ coefficients in prescribed

PI pressure poly nominal

P, Po+P x÷P x +P x +P,x"

P3

P4

.

_H gas

8o2 gas

gas
_2o gas

Z ----OqaS_

Dtot

uj. ft )[_-_c

Values of species mass

fractions in the jet

jet values

jet radius (ft.)

= relative humidity

Temperature (Ok) ) free

Velocity_ft I I stream
tsecl

Temperature (Ok) of jet. If set to

zero the temperature is calculated.

TR618
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FORMAT

El0.5

EIO. 5

El0.5

EIO. 5

El0.5

El0.5

El0.5

El0.5

II

I!

I!

I!

ElO.5

l!

l!

!l

II

II

II

ElO.5

II

!l

El0.5

ElO.5

ElO.5

01

El0.5
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NOTE: Cards 1-5 must be supplied for all input

options. Since reading input from a binary

record on tape B6 is basically a restart

option, the parameters given on cards 2-5

are contained in the binary record. There-

fore, cards 2-5 should be blank except for

£he correct input control number. If a

change of any parameter supplied by cards

2-5 is desired, the new value should be

punched in the proper position, and will

then be picked up by the program.

Sample output may be found at the rear of

this @ection.

This input format is for the existing program which is

written in FortranII. Slight modifications will appear

in Fortran IV revisions.
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IV. Summary:

A computer program for the calcuation of laminar

axisymmetric two phase free mixing in the presence

of chemical reaction has been presented. The conse-

quences of the assumptions made concerning transport

processes in the condensed state have been discussed.

A detailed input format has been provided. It should

be noted that the current method forms a basis for

the conside_tion of more complex models.
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FINITE-RATE EVAPORATION OF

CYROGENIC HYDROGEN IN TWO-

PHASE AIR

I. INTRODUCT ION :

This section describes a finite difference method of solution

for the finite rate evaporation of cryogenic hydrogen in two-

phase air. The analysis (ref.l-2) assumes one-dimensional,

globally-inviscid two-phase continuum flow at uniform pressure.

The finite rate evaporation of condensed hydrogen is assumed to

occur at uniform particle temperature, and a choice of either

kinetic or film type heat and mass transfer is provided. The

air is assumed to condense in phase equilibrium. It is further

assumed that the condensed phase forms a dilute suspension of

minute spherical droplets which travel at the mean gas phase

velocity. Since the temperatures at which chemical reaction

and dissociation may occur are significaptly higher than those

at which the condensed phase may exist, the flow is chemically

frozen, and we need only consider the pure species of hydrogen,

oxygen, and nitrogen.

It shouldbe noted that the present method is applicable

to streamline calculations providing that accelerations are

small. Thus, it may be used for the determination of variable

outer edge conditions in a number of two-phase flow problems.

Furthermore, the analysis may be extended to account for the

effect of having rarefied air relative to the hydrogen droplets

at such high altitudes that the continuum flow assumption is

invalid.
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II. Discussion of Specific Features:

a) Method of Analysis:

Details of the analysis are given in references 1-2.

The analysis commences by formulating the governing differ-

ential equations for two-phase flow. These equations are

slightly modified from their usual single phase form due to

the transfer of mass, momentum, and energy between the phases.

These equations are then particularized to the one-dimensional,

inviscid, constan{ pressure flow under consideration here.

Constitutive relations are obtained from the most current

literature available (refs. 4-7). Phase equilibrium

relations are used in the conservation equations for nitrogen

and oxygen. The hydrogen mass transfer from the droplets

is formulated in terms of a kinetic model, or of one of two

"film" type models (ref. 3). The governing equation for the

hydrogen particle radius is deduced from the conservation of

hydrogen mass for a single droplet.

b) Method of Numerical Solution:

The solution of the system of governing equations was

obtained by converting the algebraic integrals to ordinary

differential equations. These equations were integrated

simultaneously by a standard predictor-corrector package after

inverting the coefficient matrix by Gaussian reduction.

The program is presently available in Fortran II language,

and could be converted to Fortran IV.
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CARD

1

2

3

4

COLUMN DESCRIPTION FORMAT

i-i0

11-20

21-30

31-40

41-50

51-60

61-70

i-i0

11-20

21-30

31-40

41-50

51-60

61-70

i-I0

11-20

i-i0

11-20

Maximum time (Tmax-sec)

Time stepsize (_T-sec)

Minimum allowable particle

radius ratio (rp/rpo)

Pressure (Po-atm.)

Total mass fraction of Os

Total mass fraction of Ns

Initial particle radius (rp_ cm)

Initial degree of vaporization

Xoa\ initial condensed species

%

XNs

/ mass fractions

XHs

Yos_ initial gaseous species

YN_I mass fractionsYHa

Initial gas phase temperature (Tg 2K)

Initial condensed phase temperature (Tp _K)

Printout interval (prints out every input

number of steps)

Trace amount of condensed air necessary

to allow further air condensation

_EI0.4

II II

II II

II II

II II

II li

II II

It II

tO II

II II

II II

If II

II II

II II

El0.4

II II

IlO

El0.4

21-30

31-40

5 _ 5=1; 8=1 Standard film model

5=0; _=i Film model with counter

diffusion

5=0; 8=0 Kinetic model

El0.4

Sample output may be found at the rear of this section.

All parameters of interest are given in nondimensional

form, having been normalized by their respective initial

values, except for the time, which is given in seconds.
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IV. Summary:

A computer program for the calculation of

finite rate evaporation of cryogenic hydrogen in two-

phase air has been presented. The specific purpose

of this program is to obtain a detailed time history

of the evaporation process under prescribed conditions.

It has been noted that this program is applicable to a

number of two-phase flow problems.
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I. INTRODUCTION

This section describes a finite difference method solution

for two dimensional turbulent compressible boundary layers in

the absence of pressure gradients. Options are available for

frozen, equilibrium, or finite-rate chemistry. Three turbulent

boundary layer models are provided. Lewis and Prandtl numbers,

while restricted to constant values, may be non-unity.

The hydrogen-air and pure air reaction systems have been

programmed. The wall may be specified as adiabatic, or a set

of linear temperature variations along the axial coordinate may

be prescribed.
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II. Discussion of Specific Features:

a. Method of Analysis:

The present analysis is based upon Coles' trans-

formation theory (ref. 1-5). The essential feature of

this type of treatment is to transform the compressible

flow problem to an equivalent incompressible flow problem,

and then to utilize the existing descriptions of the in-

compressible turbulent velocity field in the numerical

solution of the transformed energy and diffusion equations.

The solution is then transformed back to the physical plane.

b. Turbulent Boundary Layer Models:

The calculations depend upon the turbulent boundary

layer selected through the transformation variable a

(ref. l, 6-7). This varlable is defined differently for

each model. The reference state model assumes that _ is

constant. This constant is evaluated at a reference state

given by the mean substructure values of viscosity, temper-

ature, and species mass fraction. Explicitly:

Eq. (i) _ = _/_s = constant

The substructure hypothesis (ref. 2,4) differs from the

reference state model by allowing the mean value of viscosity

in the logarithmic region, _s, to vary with axial position.

The sublayer hypothesis (ref. 5) states that the Reynolds

number based upon the height of the laminar sublayer is an

invarient of the compressibility transformation. This

assumption yields: _ _ 1 _ Pe d_
(Eq. 2)
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Due to the complex nature of the substructure and sublayer

models, numerical difficulties are sometimes encountered when

they are used. These difficulties have not been encountered

in operation of the reference method.

c. Chemistry:

The three chemistry options available are frozen,

equilibrium, or finite-rate chemistry. One-dimensional chemistry

calculations are coupled to the two-dimensional diffusion

equations in the finite difference formulation by the usual methods

(Refs. 8,9). The finite-rate chemistry calculations are performed

using the linear technique of Ref. i0 to achieve practical step

sizes.

d. Finite Difference Grid Size:

The normal step size of the finite difference grid is not

constant (Ref. 6). This is necessary since the boundary layer

equations have a removable singularity at _ = 0 in the von Mises

plane. The mesh is therefore divided into three regions. The

region near the wall is handled analytically by the methods of

Ref. ii. The region above this region is spanned by a fine mesh

to provide numerical accuracy. An outer region of coarse mesh is

also provided.
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III. Input-Output Formats:

Detailed input-output information is given in the

existing programmer's reports (ref.6-7). Therefore, all

that is necessary here is the following brief list of the

data necessary to use this program.

lo

2.

.

.

Freestream Conditions (Ue, Pe,_e,TeIYk) e ).

Wall conditions (adiabatic or specified temperature

variation with axial coordinate).

Either the initial compressible skin friction

coefficient or the initial compressible Reynolds

number based upon momentum thickness.

Initial temperature and species mass fraction profiles

as functions of velocity ratio.
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IV. Summary:

A program for the calculation of turbulent com-

pressible boundary layers on flat plates has been presented.

Transformation theory has been applied so that existing in-

compressible turbulent flow theories could be applicable.

The energy and diffusion equations in von Mises coordinates

have been solved numerically. Chemistry options have been

coupled to the diffusion calculations.
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mo FLAME SHEET MIXING PROGRAM
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I. Introduction:

This section describes an approximate method of solution

for the combustion of a uniform axisymmetric jet of pure gaseous

hydrogen mixing with a parallel air stream.The mixing process

may be prescribed as either laminar or fully turbulent. The

differences between laminar and turbulent flow are accounted for

by the form of the viscosity coefficient used. Lewis and Prandtl

numbers are taken to be unity, allowing "the solution of the energy

and mass fraction conservation equations by Crocco integrals.

Options are available for frozen or flame sheet chemistry. Flame

sheet chemistry is an approximation which assumes that since the

equilibrium constant is large for the temperatures of interest

here, complete combustion occurs along the surface of stoichio-

metric ratio. For complete combustion, only the species H 2, 02

and H20 enter into consideration. N 2 is considered to be an

inert diluent. The mixing and combustion processes are assumed

to occur at constant pressure ( dp = 0).
dx
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II. Method of Analysis:

Details of the analysis are given in reference 1. The

analysis commences by considering the governing equations for a

constant pressure axisymmetric viscous flow with Le=Pr=l. The

system is then transformed to the Von-Mises plane, where the

momentum equation is linearized by the methods presented in

references 2 and 3. The !inearized momentum equation is obtained

in the same form for both laminar and turbulent flow. However,

the inverse transformations for the axial coordinate are depend-

ent upon the viscosity model selected. The form of the linear-

ized momentum equation is well known in the theory of heat con-

duction, and so the solution for the velocity field is obtained

immediately as the offset circular probability function (ref.6).

stagnation enthalpy and species mass fraction (for frozen flow)

profiles are then obtained as Crocco integrals. For flame-sheet

flow, element mass fractions are introduced, and it is found

that the element mass fraction profiles are also given by Crocco

integrals. The additional equation necessary for the deter-

mination of the species mass fractions is obtained from the flame

sheet approximation to the equilibrium condition. The laminar

viscosity coefficient is obtained by the method of mass averaging

(ref.4). The turbulent viscosity model used is that suggested

by Ferri, et al (ref.5).

The



- TR 618

Page 80

III. INPUT-OUTPUT FORMATS:

CARD

1

2

4

.

COLUMN

i-i0

i-I0 _I

11-20 _

21-30 _3

31-40 '

41-50 '

i-i0 NNI

11-20 NN_

I

!

I

AA i-i0,---61-70 Pil

AB i-i0,---61-70 Pi_

ANNI i-i0,---61-70 Pil

BA 1-10,---61-70 Pi_

MKA 1-10,---61-70 Pimk i=l, ---7

i-i0

11-20

21-30

31-40

41-50

51-60

61-70

DESCRI PTION

Number of Axial Stations(MK_9)

Value of the transformed

axial coordinate at each

station of interest

(Will need a 2B card if

8 or 9 pts. used)

Number of terms to retain at each

station of interest in the expansion

of the offset circular probability

fnct. (will need a 3B card if 8 or 9

pts. used) (NNi<70)

i=i,---7 hNumerical values of

i=8, ---14

i=--NNl -<70

i=l, ---7

the appropriate terms

in the expansion of

the P fnct. at each

station of interest

(¢al) ½
Uj Velocity of jet -gm

Y!E Mass fraction of 02 in air stream

Y_E Mass fraction of N2 in air stream

Tr(°k) Reference temp. in enthalpy fits

T E (°k) static temp. of air stream

HE (cal) stagnation enthalpy of air stm. "
gm

Hj (cal) stagnation enthalpy of hydrogen "

gm jet

FORMAT

I l0

E 10.4

it

I!

I 10

tt

l!

Wl

fJ

E 10.4

!I

l!

t!

l!

!i

E 10.5

Ji

li

II

II
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CARD COLUMN

6 I-i0

11-20

21-30

31-40

41-50

51-60

61-70

7 ]-i0

11-20

21-30

31-40

41-50

51-60

61-70

8 I-i0

9 i-i0

DESCRI PT ION

Ue (ca____l)½Velocity of air stream
gm

C l
P

Cp_

C :_

P

C 4

P .

W l

Reciprocal of air Molecular Wt.

Coefficients in enthalpy

fits for O_,H_,H_O,N_

respectively.

\,hi= _i + c i
P

_i_ cal

gm

Cp 1 _ cal
gm k

Form of fit is:

(T'Tr)

Molecular Wts.

of species

W 4

PJ density ratio of jet and stream

Pe

J

I Br_O flame sheet combustion model

i Br>O frozen chemistry

FORMAT

El0.5

I!

I!

I!

II

It

tt

It

tl

If

I!

It

II

If

FI0.5

The program is presently available in Fortran II language,

and could be converted to Fortran IV.

Sample output may be found at the rear of this section.

The output is in terms of the transformed axial and radial coordinates:

----°

_2'_)j

S ----

_/'2_j
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At each station of interest profiles are supplied in

the transformed plane. At present, the program calculates

the corresponding physical coordinates for the particular case

where the eddy viscosity is based upon Ferri's model. For

other viscosity models, simple hand calcuations must be performed.

IV. Summary:

An approximate method of solution for the combustion of

a uniform axisymmetric jet of pure gaseous hydrogen mixing with

a parallel air stream has been presented. It has been noted that

the analysis is based upon linearization technique and the flame

sheet combustion approximation. A detailed input format has been

provided.
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III. Summary:

A series of computer programs for the mixing and

combustion of hydrogen in supersonic air streams have been

presented. The assumptions and analytical techniques upon

which these programs are based have been discussed. Detailed

input formats have been provided where necessary.


